ABSTRACT-Pharmacological characteristics of the canine isolated splenic artery were investigated by the cannula insertion method for observing vascular responses to vasoactive agents and periarterial nerve stimulation. Four a-adrenoceptor agonists and tyramine induced vasoconstrictions in a dose-dependent manner, and the order of potency was noradrenaline (NA) > phenylephrine > clonidine > methoxamine > tyramine. Xylazine (a selective a2-adrenoceptor agonist) did not elicit any vasoconstriction. Several autacoids and KCl also constricted the splenic artery dose-dependently, and the order of potency was 5 hydroxytryptamine (5-HT) > ATP = histamine > KCI. The dose-response curves for clonidine and NA were shifted to the right by bunazosin (a selective a,-adrenoceptor antagonist), but were not affected by midaglizole (a selective a2-adrenoceptor antagonist). The parameters of electrical stimulation to elicit a clear and constant vasoconstriction were 0.2 msec of pulse duration, 6 V and 0.1 Hz. The vasoconstrictive responses to electrical stimulation at 6-12 V, 0.1-10 Hz and 0.2-1 msec of pulse duration were completely inhibited by tetrodotoxin (TTX) and strongly inhibited by guanethidine. The results in this study suggest that: 1) in contrast with other regional arteries, the canine splenic artery has an a 1-adrenoceptor-related and clonidine-sensitive vasoconstrictive response, 2) this artery has no functional postsynaptic a2-adrenocep tors, 3) it may be easier to observe the vascular responses to vasoactive agents in the isolated and perfused arterial segments, and 4) the isolated and perfused canine splenic artery is useful as a preparation to study the sympathetic nerve transmission.
Three types of electrical nerve stimulation in the isolated arteries are often used in pharmacological and physiological experiments: direct stimulation to sym pathetic nerve fibers supplying the artery (1), transmural stimulation (2) and periarterial nerve stimulation (3) . De La Lande and Rand (3) compared the vasoconstrictor response to periarterial nerve stimulation with that to transmural stimulation or to direct stimulation of sym pathetic nerve fibers in isolated rabbit ear artery; their findings indicated that periarterial nerve stimulation has many advantages over other stimulation methods.
In 1983, we introduced a new method of isolated vessel preparation, the cannula insertion method, for observing vascular responses of relatively large muscular vessels to vasoactive substances (4, 5) . We had tried to stimulate periarterially canine isolated and perfused mesenteric (6) , intermediate auricular (7) and ophthalmic (8) arteries using the cannula insertion method, but it was necessary to use a pulse duration of 3 msec and 40-60 V to evoke an obvious vasoconstriction (6 8) , and more than 5 Hz of stimulation frequency was needed in these preparations, except for the intermediate auricular artery (6 8) . Elec trical stimulation with a much wider pulse duration and higher voltage could evoke contractions, but the response to the next stimulus was depressed (9) . The parameters of periarterial nerve stimulation used in our previous experi ments are much different from the ones reported by other groups in experiments for measuring vascular response to periarterial nerve stimulation (3, 10) . The levels of adrenergic innervation in these arteries may be respon sible for our previous results. Exactly, determinations of the NA contents of various arteries from the dog show that NA concentrations are the highest in the splenic and renal arteries (11) . Differences in catecholamine contents of various arteries from the dog may be related to adrener gic innervation of the vascular bed supplied. Therefore, we tried to establish a method for periarterial nerve stimu lation in the isolated splenic artery using the cannula inser tion method. Vascular responses to vasoactive substances of arterial rings or strips of the canine splenic arteries had been reported, and postjunctional a,-adrenoceptors were func tionally predominant (12, 13) . Clonidine, an a2-adreno ceptor agonist, did not constrict the canine splenic artery rings (12) . In the preliminary experiments, however, we observed a clear vasoconstriction induced by clonidine in the isolated and perfused splenic artery. Several reports in dicated that there were a few discrepancies of pharma cological responses to vasoactive substances using the can nula insertion method (14, 15) . On the other hand, we have reported that the vasoconstrictive responses to a adrenoceptor agonists, ATP and histamine in different ar teries are not always same, which reflects the distributions of adrenergic, purinergic and histaminergic receptors in vascular smooth muscle cells (16) (17) (18) (19) (20) (21) . Therefore, we in vestigated the discrepancy of vasoconstrictive responses to clonidine, and observed the vasoconstrictive responses to vasoactive agents and electrical nerve stimulation in iso lated and perfused canine splenic arteries.
MATERIALS AND METHODS

Arterial preparations
Mongrel dogs (8 21 kg) of either sex were anesthetized with sodium pentobarbital (30 mg/kg, i.v.), and sacrificed by rapid exsanguination from the right femoral vein after treatment with sodium heparin (200 units/kg, i.v.). The spleen with splenic artery was cut out and im mersed in the cold Krebs-Henseleit solution (41C). Many branches of the splenic artery supply blood to the spleen, pancreas and stomach. Only the arterial branches running into the spleen were used in the present experiments. The arteries were carefully isolated and cleaned of loose adi pose and connective tissues. All side branches of the ar tery were tied with silk threads. The arteries (0.8 1.6 mm in outer diameter) were cut into segments of 15 20 mm in length, and each segment was cannulated and set up for perfusion as described previously (4, 5) . Briefly, a 3 to 4 cm-long stainless steel cannula (0.6 -1.4 mm in outer di ameter) with small holes 5 mm from the distal sealed end was inserted into the arterial segment from the distal to the proximal end, and a proximal portion of the segment was fixed at the distal portion of the needle with silk threads. The isolated, cannulated artery was placed in a cup-shaped glass bath (100 ml) maintained at 371C by a circulator pump (Haake FJ, Karlsruhe, Germany), and it was perfused intraluminally by means of a peristaltic pump (Tokyo Rikakikai, Tokyo) with Krebs-Henseleit solution of the following composition: 118 mM NaCI, 4.7 mM KCI, 2.5 mM CaC12, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3 and 10 mM glucose, gassed with 95070 02 and 5070 CO2. The flow rate was kept at about 1 ml/min. Perfusion pressure was measured with an elec tric manometer (MPU-0.5A; Nihon Kohden, Tokyo) and recorded by a rectigraph (WT-685G, Nihon Kohden). Af ter an initial increase, the perfusion pressure gradually decreased and reached a stable baseline condition (20 50 mmHg), and then it remained constant throughout the experiment. A stabilization period of about 60 min was needed before any experimental procedures were carried out. In 5 preparations precontracted by 20 mM KC1, acetylcholine readily induced vasodilations dose-depend ently, indicating the presence of intact endothelium in the arterial preparations.
Electrical stimulation was applied to the periarterial nerves with two platinum wires, 0.5 mm in diameter. The platinum wires were coated with enamel except for the cut point which was gently put on the extraluminal side of the artery wall, serving as a pair of electrodes (6) . In the ex periments of electrical stimulation, a pair of electrodes was set on the preparation after the perfusion pressure reached a stable baseline condition, and then another 30 to 40-min period for stabilization was needed.
Drugs were dissolved in physiological saline before the start of the experiment and administered intraluminally by a microsyringe (Ito, Shizuoka) into the rubber tube connecting the cannula in a volume of 0.01 -0.03 ml for 4 sec.
Drugs
Drugs used were: dl-noradrenaline hydrochloride (NA; Sankyo, Tokyo); phenylephrine hydrochloride (Kowa Co., Ltd., Nagoya); methoxamine hydrochloride 
RESULTS
Vascular responses to a-adrenoceptor agonists Figure 1 shows the dose-response curves for 6 sym pathomimetic agents. When NA (a mixed adrenoceptor agonist) was given to the isolated arterial preparation, a vasoconstriction was induced in a dose-related manner (0.003 -1 nmol). NA was the most potent agent among the 4 adrenoceptor agonists used. Phenylephrine and methoxamine (selective a,-agonists) induced a potent vasoconstriction in a dose-related manner, but their effects were about 3 1000 times less than the NA-induced one. A selective a2-agonist, clonidine, induced a marked vasoconstriction in a dose range of 0.3 30 nmol, but another selective a2-agonist, xylazine (3 300 nmol), did not induce significant vasoconstrictive responses. Moreover, an indirect sympathomimetic amine, tyra mine, induced a marked vasoconstrictor response in a dose range of 10-1000 nmol. The order of potency for inducing a vasoconstriction was NA > phenylephrine > clonidine > methoxamine > tyramine > xylazine. The threshold doses of NA, phenylephrine, clonidine, methox amine and tyramine were 0.03, 0.1, 1, 3 and 30 nmol, respectively. Figure 2 shows the dose-response curves for 4 vaso active agents. 5-HT increased the perfusion pressure at a dose range of 0.01-3 nmol, and the threshold dose for inducing a vasoconstriction was about 0.03 nmol. ATP and histamine induced vasoconstrictions, but their effects were about 1000 times less potent than the 5-HT-induced vasoconstrictions, and the threshold doses of the two agents were 10 and 30 nmol, respectively. The magnitude of the vasoconstrictive response to the maximal dose of ATP or histamine was 50076 that of 5-HT. KC1 constricted the splenic artery at doses of 10 -100 ,umol. The order of potency for inducing vasoconstrictions was 5-HT > ATP = histamine > KC1.
Vascular responses to other vasoactive substances
Effects of bunazosin and midaglizole on NA and cloni dine-induced vascular responses When bunazosin, a potent and selective a,-adrenocep tor antagonist, was injected into the perfusion line at doses of 0.5 5 nmol, the perfusion pressure did not change significantly. Bunazosin (0.5 nmol), administered by bolus injection, inhibited the vasoconstrictive response to 0.3 nmol of NA at a similar degree for at least 30 min after injection. Thus, the dose-response curves for NA and clonidine were made within 30 min after an injection of each dose of bunazosin in each vascular preparation. The effects of bunazosin on the dose-response curves for NA and clonidine are shown in Fig. 3 (lower panel) and Fig. 4 (lower panel) , respectively. Bunazosin significantly shifted the dose-response curves for NA and clonidine to the right in a parallel manner in the splenic artery. On the other hand, midaglizole (3 300 nmol), an a2-adrenocep tor antagonist, did not significantly reduce the NA-in duced vasoconstriction (Fig. 3, upper panel) . Clonidine induced vasoconstrictions were not affected by 30 nmol midaglizole significantly, while a higher dose of midagli zole (300 nmol) slightly but significantly reduced the vasoconstrictive response to 3 nmol clonidine (Fig. 4, up per panel). 
Vascular responses to electrical stimulation
When periarterial nerve stimulation was applied by different intensities of 2 to 12 V at a constant pulse dura tion of 1 msec, 10 Hz and 300 pulses, the vasoconstrictive responses were induced in a voltage-dependent manner. The threshold voltage was 6 V, and the stimulation at 10 V produced an increase in perfusion pressure by 213 mmHg (Fig. 5, upper panel) . With an intensity of 10 V and a pulse duration of 1 msec, periarterial nerve stimula tion at frequencies of 0.1 to 10 Hz produced vasoconstric tive responses in a frequency-dependent manner. The stimulation at 0.1 Hz or 1 Hz induced an obvious and con stant vascular effect (Fig. 5, lower panel) . All the vasocon strictive responses to electrical stimulations were com pletely inhibited by 30 nmol TTX (Fig. 5) .
Effects of pulse duration were examined from 0.1 to 3 msec at 10 V, 10 Hz and 300 pulses. The threshold of pulse duration was 0.2 msec, and the maximal response was induced by the stimulation at 2-msec pulse duration. TTX at 30 nmol abolished all the responses to the stimu lation at 0.6 to 1 msec, and it inhibited almost all the response to the stimulation at 2 msec. The vascular response to stimulation at 3 msec was inhibited by 30 nmol TTX by 46% (Fig. 6, upper panel) . With 10 V, 1 msec of pulse duration and 10 Hz, the effects of pulse numbers varying from 3 to 300 were observed. The perfu sion pressure was increased with the increment of pulse numbers, and all the responses to stimulation were sup pressed by an administration of 30 nmol TTX (Fig. 6, low er panel). The perfusion with guanethidine (100 pM) sup pressed the vascular response to periarterially electrical stimulation at 10 V, 0.1-10 Hz and 1-msec pulse dura tion, but not to NA (data not shown). TTX at 30 nmol did not significantly affect the vascular responses to NA (data not shown). 
DISCUSSION
Effects of vasoactive agents
Since Hongo and Chiba (4) introduced the cannula insertion method in pharmacological and physiological studies, effects of vasoactive substances on the canine intermediate auricular, femoral, mesenteric, ophthalmic, basilar, coronary and lingual arteries had been reported by the use of this method (8, (16) (17) (18) (19) (20) (21) (22) (23) . Observations on vasoconstrictive responses to a-adrenoceptor agonists, ATP and histamine indicate that the distributions of adrenergic, purinergic and histaminergic receptors in different arteries are not always same (16, 17, (19) (20) (21) .
In the present study, NA and a,-adrenoceptor agonists, phenylephrine and methoxamine, induced dose-depend ent vasoconstrictions in the splenic artery. Xylazine, an a2-adrenoceptor agonist, did not produce any significant vasoconstriction, although clonidine (an a2-adrenoceptor agonist) constricted the splenic artery strongly. The order of potency of the four agents was NA > phenylephrine > clonidine > methoxamine > xylazine. Bunazosin, a highly selective a,-adrenoceptor antagonist (24, 25) , dose dependently inhibited the vasoconstrictive responses to clonidine and NA. However, midaglizole, a specific a2-an tagonist (26), did not significantly affect the vasoconstric tive responses to NA and clonidine, except for the slight but significant inhibition by 300 nmol midaglizole of the vasoconstrictive response to 3 nmol clonidine. Midagli zole did not affect NA-induced vasoconstriction in the ca nine splenic artery, suggesting that there might be no func tional a2-adrenoceptors in these arteries. Therefore, cloni dine might produce a vasoconstriction mediated via a, adrenoceptors but not a2-adrenoceptors in the canine splenic artery, although clonidine is thought to be a selec tive a2-adrenoceptor agonist. Using the same method, we have reported that clonidine induces a vasoconstriction in the canine intermediate auricular artery via a2-adrenocep tors (17) and that clonidine does not constrict the canine lingual artery, femoral artery and mesenteric arteries, although there are abundant a,-adrenoceptors in these ar teries (18, 22, 23) . A higher responsiveness of the splenic artery to clonidine suggests that the characteristics of a, adrenoceptors in the splenic artery are different from the ones in other arteries. Minneman and coworkers (27, 28) proposed the existence of two a,-adrenoceptor subtypes, alA and alB-adrenoceptors, based on functional and bind ing studies. Recently, using the cannula insertion method, Fujiwara and Chiba (29) reported that clonidine-induced vasoconstrictions in the rabbit carotid artery were mediat ed by a,-adrenoceptors, but the same doses of clonidine did not produce any vasoconstriction in the renal and femoral arteries that had abundant a,-adrenoceptors. Therefore, the a,-adrenoceptor-related and clonidine-sen sitive vasoconstriction might suggest that al-adrenocep tors in the canine splenic artery are different in subtypes from or much richer than that in the other regional ar teries. Furthermore, a slight inhibition by 300 nmol mida glizole of the vasoconstrictive responses to clonidine but not that to NA might suggest that the two agonists acted on different subtypes of a,-adrenoceptors or combined with different subunits of the same receptors.
Using a ring preparation of the canine splenic artery, De Mey and Vanhoutte (12) reported that only a, adrenoceptors existed in the canine splenic artery, and the order of potency of vasoactive agents was NA > pheny lephrine > methoxamine, which is the same as that ob tained in our present results. However, they reported that clonidine (12) and ATP (30) did not constrict rings of the canine splenic artery even if the endothelium was re moved. On the contrary, ATP and clonidine constricted the canine splenic artery clearly and dose-dependently in the present study. The reason for the discrepancies be tween their results and ours is not clear, but the different methods used might be responsible for these phenomena. In the present study, we cut the splenic artery into seg ments of 15-20 mm, which were far longer in length than the preparations of the arterial rings. The morphological and physiological integrity in the arterial segments we used may be better than that in the arterial rings. There fore, the vascular segments we used might be more respon sive to pharmacological agents than the arterial rings.
Perivascular nerve stimulation
Most blood vessels are innervated by sympathetic nerve fibers, but the density of innervation is widely different, reflecting the contribution of the individual vessels to cen trally controlled responses (31) . In the present study, tyra mine potently induced a dose-dependent vasoconstric tion, suggesting a rich innervation of the canine splenic artery. Terry et al. (11) indicated that NA concentrations were the highest in the splenic artery and renal artery by determining the NA contents of various arteries from the dog.
Using the rabbit ear artery, De La Lande and Rand (3) compared the effects of 3 kinds of electrical stimulations applied transmurally, periarterially and directly to the nerves. Periarterial nerve stimulation gave more consis tent results than direct stimulation to the nerves and trans mural stimulation (3) . Even though the cannula insertion method has been used for about ten years, perivascular nerve stimulation has not been well established (6) (7) (8) . According to our experience with direct electrical stimula tion to the tissues that contain sympathetic nerve fibers (32, 33) , a stimulation with a pulse duration of more than 2 msec and a voltage of more than 20 V will burn the tis sues that come in contact with the electrodes, and a stimu lation with much higher frequency and potent current will evoke muscle contraction. The use of an excessive amount of electrical stimulation in the past may be due to the lower levels of innervation of the arteries used and pos sibly the experimental technique (6 8) .
In the splenic arterial segments, the electrical stimula tion with 0.2 to 1-msec of pulse duration, 6-12 V and 0.1 to 10 Hz produced constant vasoconstrictions, and these responses were inhibited by TTX and guanethidine, indicating that the electrical stimulations activated the periarterially sympathetic nerve fibers. On the other hand, an electrical stimulation with above 2-msec pulse duration induced a vasoconstriction that was not abolished by TTX treatment, indicating the involvement with a non-neurogenous component. We also observed the effects of TTX on the vascular responses to a stimula tion with 500 pulses, although we did not show the data in the Results. When the electrical stimulation was carried out with 10 V, 10 Hz and 1-msec pulse duration, the vasoconstrictive responses to electrical stimulation at a number of pulses over 500 were not blocked by TTX. Therefore, the optimal values of the parameters for peri arterial nerve stimulation are not more than 10 V, 10 Hz, 1-msec pulse duration and 300 pulses using the cannula insertion method.
From these results, it is concluded that the canine splenic artery has an a,-adrenoceptor-related and cloni dine-sensitive vasoconstrictive response, and the isolated and perfused arterial segments have a higher responsive 
